Abstract: Active infrared (IR) thermographic nondestructive testing (NDT) has become a valuable inspection method for composite materials due to its high sensitivity to particular types of defect and high inspection rate. The computer-implemented thermal tomography, based on the analysis of heat diffusion in solids, involves a specialized treatment of the data obtained by means of active IR thermographic NDT, thus allowing for the "slicing" of materials under testing for a few layers where discontinuity-like defects can be underlined on the noise-free background (binary thermal tomograms). The time-domain thermal tomography is based on the fact that, in a one-sided test, temperature "footprints" of deeper defects appear later in regard to shallower defects. The phase-domain tomography can be applied to collected IR data in a direct way, for instance, by using the Fourier transform, but quantification of results is more difficult because the relationships between phase and defect depth depend on experimental parameters, and the corresponding "phase vs. defect depth" calibration functions are ambiguous. In this study, the time-and phase-domain thermal tomography techniques have been compared on simulated IR thermograms and experimentally applied to the evaluation of carbon fiber reinforced plastic composite containing impact damage defects characterized by impact energy 10, 18, and 63 J. Both tomographic techniques have demonstrated similar results in the reconstruction of thermal tomograms and, in some cases, supplied complementary information about the distribution of single defect zones within impacted areas.
Introduction
Active infrared (IR) thermographic nondestructive testing (NDT) has become a valuable inspection method for composite materials due to its high sensitivity to particular types of defects and high inspection rate. A classical test procedure involves thermal stimulation of materials on surface by means of powerful optical heaters, such as Xenon flash tubes and halogen lamps. The heating with a single heat pulse specifies a pulsed procedure while periodical modulation of heating energy defines a thermal wave test. Inspection results are stored as sequences of IR images (thermograms) to be processed in either the amplitude or time (frequency) domains. Let T(i, j, τ) specify a pixel-based temperature response of a test sample toward thermal stimulation. In the amplitude domain, one should typically choose a reference point to analyze ∆T(i, j, τ) = T(i, j, τ) − T i re f , j re f , τ differential signals in order to make a decision on sample quality. Another popular processing technique is based on applying the Fourier transform to T(i, j, τ) and evaluating images of the Fourier phase ϕ ("phasegrams"). In pulsed procedures, phasegrams are associated with particular Fourier frequencies, and the first non-zero frequency is the lowest one characterized by a maximum penetration depth. Thermal wave procedures result in periodical T(i, j, τ) functions, and phasegrams are to be analyzed at a frequency of modulation. Both implementations of active thermal NDT (TNDT) can be used for performing tomographic data analysis (referred as the concepts of temporal based imaging and thermal wave analogy in [1] ).
Dynamic thermal tomography (DTT) is a specific data processing technique based on the analysis of T(i, j, τ) evolution in time. A sequence of IR thermograms of any length is replaced with a pair of images conventionally called "maxigram" and "timegram" [2] . Maxigrams show maximal ∆T m (i, j) signals independently of time of their appearance in the analyzed sequence while timegrams reflect distributions of optimal observation times τ m (i, j) across the sequence. In fact, each ∆T m (i, j) value appears at the corresponding τ m (i, j) time. In a one-sided test procedure, the signals from deeper defects appear on the front surface at longer times, i.e., one may obtain a particular calibration function l(τ m ), where l is the defect depth. It is obvious that choosing a particular τ mi − τ mj interval is equivalent to "slicing" the sample for the corresponding l i − l j planar layer, thus producing the thermal tomogram.
The DTT concept above has been called phenomenological because it utilizes observable phenomena of heat diffusion in solids and involves no "precise" solutions to inverse heat conduction problems. There are a plenty of more accurate approaches to thermal tomography but their consideration is beyond the scope of this study (see [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ).
Below we discuss the potential of a novel approach to thermal tomography based on "slicing" pulsed phasegrams in comparison to timegrams. The concept of both approaches is illustrated in the results of 3D modeling and is further applied to the inspection of a carbon fiber reinforced plastic (CFRP) composite containing impact damages of varying degrees.
3D Modeling
Various aspects of active TNDT have been investigated by using analytical solutions to the heating of one-, two-, or three-layer samples [13, [16] [17] [18] [19] [20] [21] . However, such solutions are simplified and can hardly be applied to practical test situations. Let us illustrate some peculiarities of time/phase tomographic data treatment on a 3D model of 10 × 10 × 0.05 mm air-filled defects located in a 3 mm-thick isotropic CFRP plate, at the depths of 0.1, 0.5, 1.475, 2.45, and 2.85 mm (Figure 1 ). Note that the defects are located symmetrically off both the front and rear sample surface. The sample is heated with a heat pulse (duration 10 ms, heat power 10 6 W/m 2 ), and the thermal process is followed for 10 s with an acquisition interval of 10 ms. Calculations were performed by using the ThermoCalc-3D software from Tomsk Polytechnic University, resulting in image sequences including N = 1000 IR thermograms each. The image format was 270 × 70 pixels with the lateral spatial step being 0.5 mm. From the point of view of the classical theory of heat conduction, such a TNDT model represents a multi-layer (up to 36 layers in ThermoCalc-3D) parallelepiped-like sample containing several parallelepiped-like defects (up to 40 defects in ThermoCalc-3D). The side surface of the sample is adiabatic while the front surface is heated with a square heat pulse. Both front and rear surfaces exchange energy with the ambient by convection. On the layer/layer and layer/defect boundaries, there are conditions of continuity of temperature and heat flux. The features of such a TNDT model have been thoroughly discussed elsewhere [13, [16] [17] [18] . Figure 2 shows two important relationships associated with the above-mentioned test case. Optimum observation time τ m grows up for deeper defects ( Figure 2a ) and allows for unambiguous evaluation of material layer coordinates l i − l j . Note that the slope of the τ m (l) sharply increases if defects are located close to the sample rear surface, i.e., where defect depth l and sample thickness L become close (see the curve 1 for L = 3 mm). This conclusion has been confirmed by analytically modeling a 0.1 mm-thick 1D, i.e., laterally-infinite, defect (see the curve 2 in Figure 2a ). Calculations have been performed by using the solution for a three-layer non-adiabatic plate heated with a square heat pulse [18] . The dependence of the Fourier phase ϕ on defect depth is more complicated, as shown in Figure 2b . The curve shape depends on thermal wave frequency and might have some extremums. This reflects the fact that finite-size defects can be detected in a particular layer by applying a thermal wave of a proper (optimal) frequency. Respectively, the calibration of layer coordinates by phase intervals is difficult. We believe that the phase-domain tomography allows for the improvement of defect visibility but can scarcely be applied for quantitative evaluation. Note also that one should optimally choose not only a phase interval but also a thermal wave frequency. A deeper approach to characterizing defects by phase, based on the concept of a "blind frequency", was described in [3] . In fact, for each defect depth l, one can determine a limiting ("blind") frequency f b , and any frequency higher than f b allows no defect detection.
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The lowest meaningful frequency, except zero, is:
And the highest frequency in a sequence is:
The above-mentioned peculiarity of the time-domain treatment makes quantitative interpretation of phase data difficult. The images in Figure 1 comparatively show collected (raw) IR images and the results of time/phase data treatment. IR images illustrate the gradual appearance of the indication s from the defects located at increasing depths that is a basic phenomenon in active TNDT. As mentioned above, each defect reaches a maximum ∆T value at a particular τ m time, thus resulting in the corresponding maxigram and timegram. An important feature of timegrams is the presence of artifacts as round-shape signals surrounding defect indications. These artifacts are conditioned by the fact that some points around shallower defects are characterized by the same τ m values as some deeper defects (see below the discussion on Figures 3 and 4) . Hence, thermal tomograms of deeper layers may contain some "footprints" of shallower defects [2, 13] (see the time-domain tomography results in Figure 3 ). It is also worth reminding another unpleasant feature of the time-domain tomography, namely, the necessity of choosing a reference point close to an area of interest. Note that, since the modeling has been fulfilled without taking into account a possible phenomenon of uneven heating, in synthetic images, a reference point can be chosen at any defect-free point. The Fourier transform applied to the raw IR image sequence results in phasegrams ( Figure 3 ) associated with 500 frequencies (if N = 1000) along with the images of Fourier magnitude, known as "ampligrams" (not shown in Figure 3 ). The important feature of phasegrams is the absence of both a reference point and artifacts. The latter fact means that, in the phase-domain thermal tomography, one may expect clearer images of hidden defects to compare to the time-domain approach. However, it is worth noting that defects located close to the sample rear surface reveal a very small shift in phase ϕ, therefore, the defects D4 and D5 cannot be resolved, as shown in the corresponding phasegram-based tomograms (Figure 3 ). Another problem related to the Fourier transform is that its results depend on the acquisition interval ∆τ and the number of images in the sequence N. Thus, the n-th image corresponds to the frequency:
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The above-mentioned peculiarity of the time-domain treatment makes quantitative interpretation of phase data difficult.
Some features of the approaches above are illustrated in Figure 4 where the spatial profiles of temperature T (raw image), characteristic time τ m (timegram), and phase ϕ (phasegram), over the defect D2 (depth 0.5 mm), are presented. It appears that the profiles of temperature and phase look similarly with the signal plateau over the defect projection. This means that the 10 × 10 × 0.05 mm defect at the depth of 0.5 mm in CFRP can be considered as 1D, and heat diffusion takes place only at the defect borders where the signals decrease by 70% in regard to their maximal value over the defect center. The corresponding profile of τ m is also characterized by the plateau but the behavior of this parameter is more complicated due to the fact that timegrams represent a non-linear result of processing raw thermograms. The values of τ m , first, slightly drop in the areas where lateral heat diffusion starts, then, increase as ∆T values diminish up to zero in defect-free areas. Experimentally, in non-defect areas, τ m acquire random values from 1 to N because of a noisy character of ∆T signals. The noise can be either experimental or computational depending on whether experimental or synthetic images are processed. This peculiarity of producing timegrams causes round-shaped artifacts around defects when choosing particular τ mi − τ mj intervals, as seen in Figure 3 . The fact that ∆T signals tend to zero far from defects is used for thresholding τ m profiles. In other words, the pixel values in thermal tomograms are set to zero, where the ∆T values in the corresponding maxigrams become lower than a chosen threshold ∆T thr , thus allowing clear "footprints" of defects. Unfortunately, there is no definite rule on how to choose the threshold, however, in many cases it is about a few percent of a maximum ∆T m value in the corresponding maxigram. Some features of the approaches above are illustrated in Figure 4 where the spatial profiles of temperature (raw image), characteristic time τm (timegram), and phase (phasegram), over the defect D2 (depth 0.5 mm), are presented. It appears that the profiles of temperature and phase look similarly with the signal plateau over the defect projection. This means that the 10 × 10 × 0.05 mm defect at the depth of 0.5 mm in CFRP can be considered as 1D, and heat diffusion takes place only at the defect borders where the signals decrease by 70% in regard to their maximal value over the defect center. The corresponding profile of τm is also characterized by the plateau but the behavior of this parameter is more complicated due to the fact that timegrams represent a non-linear result of processing raw thermograms. The values of τm, first, slightly drop in the areas where lateral heat diffusion starts, then, increase as ∆ values diminish up to zero in defect-free areas. Experimentally, in non-defect areas, τm acquire random values from 1 to N because of a noisy character of ∆ signals. The noise can be either experimental or computational depending on whether experimental or synthetic images are processed. This peculiarity of producing timegrams causes round-shaped artifacts around defects when choosing particular − intervals, as seen in Figure 3 . The fact that ∆ signals tend to zero far from defects is used for thresholding τm profiles. In other words, the pixel values in thermal tomograms are set to zero, where the ∆ values in the corresponding maxigrams become lower than a chosen threshold ∆ , thus allowing clear "footprints" of defects. Unfortunately, there is no definite rule on how to choose the threshold, however, in many cases it is about a few percent of a maximum ΔTm value in the corresponding maxigram. Photonics 
Experimental Setup and Test Samples
In the experimental section of this study, we have used a standard TNDT setup including two Bowens flash lamps with the energy of 1.2 kJ each and a FLIR 625 IR imager. The flash duration was about 10 ms while the acquisition frequency was 10 Hz, with the total number of recorded thermograms being from 200 to 300 in a single test. The tomographic data processing was accomplished by means of the "Thermal tomography" option included in the ThermoFit Pro software from Tomsk Polytechnic University. The corresponding procedure includes choosing a reference point by the thermographer, calculating maxigrams and timegrams and, finally, producing thermal tomograms of some chosen layers including the optimization of a noise threshold ∆ by trial. It is important to mention that performing thermal tomography requires a certain experience from the thermographer. In fact, the experimental setup is intended for the personnel certified by Level II or III in TNDT. While using the option of time-domain tomography, one has to determine a ( ) calibration relationship by modeling and choose a proper reference point (close to an area suspected as a defect indication). Such calibration relationships are to be defined for particular materials being related to material diffusivity. They are slightly dependent on defect size and thickness, therefore, the values of layer coordinates reported below are approximate. The Fourier transform can be fulfilled in an automatic way because, in most cases, the resulting image is the phasegram at the first significant frequency. However, in some cases, one should optimize the frequency and heuristically choose a phase interval to underline an area of interest.
The experiments described below have been conducted on CFRP samples made of a unidirectional carbon fiber fabric and standard KPR-150 filling (Russian standard TU 2225-012-93660864-2009) with the following ply layup: [+45/0/−45/0/0/90/0/0/−45/0/+45]3. The samples contained impact damages of varying energy delivered to the sample surface through a 10 mm-diameter spherical impactor. Such defects appear on operating aircraft because of various factors, such as falling tools, strikes by birds and baggage, hailing, etc. Impact damage might be invisible on a damaged surface but occupy a considerable delaminated (cracked) area close to the panel rear surface. If a through-transmission IR test is modeled as a pyramid-like set of thin 
In the experimental section of this study, we have used a standard TNDT setup including two Bowens flash lamps with the energy of 1.2 kJ each and a FLIR 625 IR imager. The flash duration was about 10 ms while the acquisition frequency was 10 Hz, with the total number of recorded thermograms being from 200 to 300 in a single test. The tomographic data processing was accomplished by means of the "Thermal tomography" option included in the ThermoFit Pro software from Tomsk Polytechnic University. The corresponding procedure includes choosing a reference point by the thermographer, calculating maxigrams and timegrams and, finally, producing thermal tomograms of some chosen layers including the optimization of a noise threshold ∆T thr by trial. It is important to mention that performing thermal tomography requires a certain experience from the thermographer. In fact, the experimental setup is intended for the personnel certified by Level II or III in TNDT. While using the option of time-domain tomography, one has to determine a l(τ m ) calibration relationship by modeling and choose a proper reference point (close to an area suspected as a defect indication). Such calibration relationships are to be defined for particular materials being related to material diffusivity. They are slightly dependent on defect size and thickness, therefore, the values of layer coordinates reported below are approximate. The Fourier transform can be fulfilled in an automatic way because, in most cases, the resulting image is the phasegram at the first significant frequency. However, in some cases, one should optimize the frequency and heuristically choose a phase interval to underline an area of interest.
The experiments described below have been conducted on CFRP samples made of a unidirectional carbon fiber fabric and standard KPR- should reveal the familiar butterfly-like shape image on the rear surface that is well seen in ultrasonic tests. However, in practice, one should detect such defects only on an impacted surface by applying a one-sided test procedure.
Discussion of Results
The results of tomographic data processing in both the time and phase domains are illustrated by Figures 5-7 . A one-sided test procedure was applied on both the impacted (front) and opposite (rear) surface. In general, all results are consistent since both algorithms are applied to the same raw data. Figure 5 shows results in the case of impact with the energy of 10 J. On the front surface, the phase-domain algorithm was able to detect a faint "footprint" of a butterfly-like delamination, which is clearly detected on the rear surface. The time-domain treatment required thresholding pixel values by ∆T m , otherwise the tomograms appeared noisy because of artifacts. Oppositely, the phase-domain processing involved the choosing of proper phase intervals in phasegrams without the necessity of defining a reference point and using a threshold. Note that the layer coordinates specified in Figures 5-7 were determined by using the calibration relationship from Figure 2 (L = 5 mm) and only in the case of the time-domain tomography, while phase-domain results were not quantified and used to better show the in-depth defect distribution.
When inspecting the sample on the rear surface, the big near-surface delamination ("butterfly wings") overshadowed smaller defect areas, therefore, only two small symmetrical defects are seen on both time-and phase-domain tomograms ( Figure 5 ).
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and rear-surface IR image sequences. Again, it is worth noting that the major delamination, such as seen on the rear surface, overshadows deeper defects, and therefore, a direct comparison of the tomograms obtained in both front-and rear procedures is difficult. However, the results in Figure 6 are similar to those in Figure 5 and illustrate that the main impact energy is absorbed within the CFRP layer adjacent to the sample rear surface to produce the most severe damage of the composite. The phase-domain tomography reveals similar results but the front-surface third tomogram shows the faint indication of the deeper delamination that is unseen in the time-domain tomograms.
The consequences of the high-energy (63 J) impact seemed to be more devastating for the composite through its whole thickness (Figure 7) . The front-surface damage was detected as a surface crack but the tomograms revealed some faint delaminations under the point of impact. Note that the phase-domain tomogram showed a larger damaged area compared to the time-domain data but the time-domain tomography allowed separation of the damaged area into two layers: the superficial one where a thin surface crack was seen, as well as the deeper defect overshadowed by the shallower one. On the rear surface, three time-domain tomograms showed sections of the whole defect located in some layers of the composite characterized by different fiber layup angles. In this test case, the phase tomograms have proven to be less informative in regard to the time-domain images.
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Thermal tomographic inspection, based on the computer analysis of heat diffusion in solids, is not a common technique, though it competes with the more established X-ray, acoustic and nuclear magnetic resonance techniques. On the one hand, it involves a specialized treatment of the data obtained by means of active IR thermographic NDT, thus allowing for the "slicing" of materials under testing for few (2-3 in our case) layers where discontinuity-like defects can be underlined on the noisy-free background as binary thermal tomograms. From the other hand, this technique still represents an art since its final result depends on thermographers' skills, even if the very principles of tomographying are well defined. The time-domain tomography is based on the simple fact that, in a one-sided test, the temperature "footprints" of deeper defects appear with time delays in regard to shallower defects. Therefore, selecting a particular time interval is equivalent to choosing planar "slices" within a sample being inspected. The thicknesses of resolved layers increases with layer depth, and, for example, in composites only very shallow plies can be separated by thermal tomography, while, in general, the number of resolved layers is lower than the number of composite plies. By using the Fourier transform in pulsed or thermal wave IR thermographic NDT, one passes into the phase domain where defect temperature indications are associated with phases. There are two specific features that characterize the time-and phase-domain tomographic techniques. The time-domain tomography essentially requires choosing a reference point and, in most cases, such points should be located close to the area of interest, thus making this technique less general. However, time-domain tomograms can be quantified in terms of defect depth, or layer coordinates, thanks to the unambiguous character of l(τ m ) calibration relationships. Opposite of this, the phase-domain tomography can be applied to collected IR data in a direct way, but the quantification of results is more difficult because relationships between phase and defect depth depend on experimental parameters and might reveal some extremums, and also an optimal Fourier frequency should be defined. One may state that both the phase-domain data presentation and thermal tomography are heuristically valuable but limited by their qualitative nature.
In this study, the time-and phase-domain thermal tomography techniques have been comparatively applied to the evaluation of the CFRP composite containing impact damage defects characterized by impact energy 10, 18, and 63 J. Both techniques have demonstrated similar results of the reconstruction of thermal tomograms and, in some cases, supplied complementary information about the distribution of single defect areas in the composite. In particular, thermal tomography seems to be useful when performing 3D reconstruction of subsurface defects and studying the severity of damage caused by impacts with varying energy. However, in our case, selected layers have been limited by depth in a CFRP composite of about 2 mm.
